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Abstract
We investigate the effect of different forms of relativistic spin coupling of
constituent quarks on the nucleon electroweak properties. The correlations
between the static electroweak observables are found to be independent of the
shape of momentum part of the nucleon light-front wave function within each
quark spin coupling scheme. The neutron charge form factor is very sensitive
to different choices of spin coupling schemes once its magnetic moment is
fitted to the experimental value, while it is found insensitive to the details of
the momentum part of the three-quark wave function model. The scalar pair
from the coupling of two constituent quarks is preferred by the neutron charge
form factor data for momentum transfers below 1 (GeV/c)2, independent of
the shape of the wave function.
I. INTRODUCTION
In a previous work [1], we have studied the nucleon electromagnetic form factors using dif-
ferent forms of relativistic spin coupling between the constituent quarks forming the nucleon.
We have used an eective Lagrangian to describe the quark spin coupling to the nucleon
keeping close contact with covariant eld theory. We have performed a three-dimensional
reduction of the amplitude for the photon absorption process by the nucleon to the null-
plane, x+ = x0 + x3 = 0, (see, e.g., Ref. [2]). After the three-dimensional reduction, the
momentum part of the nucleon light-front wave function was introduced in the two-loop
momentum integrations which dene the matrix elements of the electromagnetic current.
We have tested dierent spin coupling schemes for the nucleon in a calculation of the
nucleon electromagnetic form factors, and found that the neutron electric form factor con-
strains the quark spin coupling schemes. The comparison with the neutron data below
momentum transfers of 1 GeV/c suggested that the scalar pair is preferred in the relativis-
tic quark spin coupling of the nucleon. That study was performed with a gaussian wave
function, assuming the same for both structures, even in the case of mixed scalar and vector
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diquarks. Taking into account the fact that the neutron electric mean squared radiusr2n is
the result of a delicate cancellation, it could be possible that this conclusion might depend
on the detailed shape of the wave function.
The main purpose of this work is to show that the neutron electric form factor is tted
with a scalar diquark no matter what the form of the momentum part of the three-quark
wave function is, once the magnetic moment of the neutron is tted to its experimental value.
A model independent (of the shape of the light-front wave function) relation is established
for the neutron mean square charge radius and its magnetic moment for a given quark spin
coupling scheme. At the same time, we are going to calculate the nucleon axial vector
current and study the correlation between the static electroweak observables under dierent
spin coupling schemes and wave function. In the context of the Bakamjian-Thomas (BT)
quark spin coupling scheme, it was shown that the axial vector coupling constant, proton
magnetic moment and radius are correlated by model independent relations [3,4]. We are
going to show that dierent quark spin coupling schemes keep the model independence found
for the correlations. However, we show that the relations involving the axial vector coupling
constant, obtained with a spin coupling scheme from an eective Lagrangian, have a quite
dierent behavior from those derived within the Bakamjian-Thomas construction [3].
The eective Lagrangian for the N-q coupling is written as [1],
LN−3q = mN lmnΨ(l)i2γ5ΨC(m)Ψ(n)ΨN + (1− )lmnΨ(l)i2γγ5ΨC(m)Ψ(n)i@ΨN + H:C: (1)
where 2 is the isospin matrix, the color indices are fl; m; ng and lmn is the totally anti-
symmetric symbol. The conjugate quark eld is ΨC = CΨ
>
, where C = iγ2γ0 is the charge
conjugation matrix;  is a parameter to dial the spin coupling parameterization, and mN is
the nucleon mass.
The macroscopic matrix element of the nucleon electromagnetic current J+N (q
2) in the
Breit-frame and in the light-front spinor basis is given by:













hs0jF1N(q2) + iF2N (q
2)
2mN
~n  (~q?  ~)jsi ; (2)
where F1N and F2N are the Dirac and Pauli form factors, respectively, while ~n is the unit
vector along the z-direction. The Breit-frame momenta are q = (0; ~q?; 0), such that (q+ =












The Sachs form factors are dened by:
GEN(q







2) = F1N (q
2) + F2N (q
2) : (3)
The magnetic moment is N = GMN(0) and the mean square radius is r
2




The non-vanishing part of the macroscopic matrix element of the nucleon weak isovector
axial vector current A+N (q
2) in the Breit-frame with q+ = 0 in the light-front spinor basis is
given by:
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where GA is the weak isovector axial vector form factor and gA = GA(0) is the axial vector
coupling constant.





















carries the subscript D. The Melosh rotation is the unitary transformation between the
light-front and instant form spinors, it is given by:
[RM (p)]s′s = hs0j
p+ + m− i~:(~n ~p)√
(p+ + m)2 + p2?
jsi = uD(p; s0)u(p; s) ; (7)
where ~n the unit vector along the z-direction.
In section II, the general form of the microscopic matrix elements of the nucleon elec-
troweak current are discussed. The detailed form of the electromagnetic current is derived
and the light-front wave function is introduced in the computation of the form-factors. Also,
the matrix element of the weak isovector axial vector current of the nucleon are derived from
the eective Lagrangian. In section III, the physics of the dierent spin coupling schemes
are discussed in comparison with the widely used Bakamjian-Thomas framework. In section
IV, the numerical results of the static electroweak observables and form factors are pre-
sented and the model independence within each spin coupling scheme is demonstrated for
the correlation between the nucleon static electroweak observables. In section V, we give
the summary of our ndings.
II. NUCLEON ELECTROWEAK CURRENT
The microscopic matrix elements of the nucleon electromagnetic and weak isovector axial
vector currents are constructed from the eective Lagrangian, Eq.(1). The complete anti-
symmetrization of the quark states implies that the matrix element of the currents, in the
impulse approximation, are composed by four topologically distinct diagrams depicted in
gure 1. The two-loop triangle diagrams of gure 1 represents the impulse approximation
for the evaluation of the electromagnetic and weak baryon form factor in light front dynam-
ics. We can calculate the matrix elements of the electromagnetic and axial vector currents
considering only the coupling on quark 3, due to the symmetrization of the microscopic
matrix element after the factorization of the color degree of freedom. The electromagnetic
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quark current operator is ΨQ^qγ
Ψ, with Q^q the charge operator, and the weak isovector ax-
ial vector current one is Ψ~
2
γγ5Ψ. Figure (1a) represents the nucleon spin-space operators
J+aN and A
+
aN , in these cases the elementary operators act on quark 3 while 1 and 2 compose
the spectator-coupled quark pair in Eq.(1) for the initial and nal nucleons. In Figure (1b),
the coupled quark pair in the initial nucleon is (13) and in the nal nucleon the coupled pair
is (12). The operators J+bN and A
+
bN , represented by the diagram (1b), are multiplied by a
factor of 4. A factor 2 comes from the exchange of quarks 1 and 2, and another factor 2
comes from the invariance under the exchange of the pairs in the initial and nal nucleons,
which is a consequence of time reversal and parity transformation properties. The operators
J+cN and A
+
cN are represented by gure (1c), where the initial coupled pair quark is (13)
and the nal coupled pair is (13). This operator is multiplied by a factor of 2 because the
quarks 1 and 2 can be exchanged. The process represented by diagram (1d), considering the
isoscalar pair of quarks as given by the eective Lagrangian of Eq.(1), does not contribute
to the nucleon axial vector current, it is nonvanishing for the electromagnetic current and
given by J+dN . The current J
+
dN corresponds to the process in which the photon is absorbed
by the coupled quark pair (23) while 1 is spectator. In this case, two diagrams are possible
by the exchange of quarks 1 and 2.
The microscopic operator of the nucleon electromagnetic current is given by the sum of
four terms:
J+N (q





while the weak isovector axial vector current has contribution from three terms:
A+N(q





2) vanishes because of isospin properties.
A. Derivation of the Electromagnetic Current Matrix Elements
The nucleon current operators J+N ,  = a; b; c; d, and A
+
γN , γ = a; b; c, are constructed
directly from the Feynman diagrams of gure 1. The electromagnetic current, J+N , receives
contributions from each amplitude represented by the Feynman triangle two-loop diagrams
of gures (1a) to (1d), which we repeat here [1]:






















. Here m is the constituent
quark mass and k03 = k3 + Q , and hN jQ^qjNi is the isospin matrix. The function (ki; p) is
chosen to introduce the momentum part of the three-quark light-front wave function, after
the integrations over k− are performed.
The contribution to the electromagnetic current represented in gure (1b) is given by:
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 (mN + (1− )/p) γ5Sc(k1)γ5 (mN + (1− )/p0)S(k2)u(p; s) : (11)
The contribution to the electromagnetic current represented in gure (1c) is given by:






0)(ki; p)u(p0; s0)S(k1) (mN + (1− )/p)
 γ5Sc(k3)γ+Sc(k03)γ5 (mN + (1− )/p0) S(k2)u(p; s) : (12)







0)(ki; p)u(p0; s0)S(k2)u(p; s)
Tr
[
γ5 (mN + (1− )/p0) S(k03)γ+S(k3) (mN + (1− )/p) γ5Sc(k1)
]
: (13)
The light-front coordinates are dened as k+ = k0 + k3 ; k− = k0 − k3 ; k? = (k1; k2):
In each term of the nucleon current, from J+aN to J
+
dN , the Cauchy integrations over k
−
1
and k−2 are performed. That means the on-mass-shell pole of the Feynman propagators for
the spectator particles 1 and 2, in the photon absorption process, are taken into account.
In the Breit-frame, with q+ = 0, there is a maximal suppression of light-front Z-diagrams
in J+ [5,6]. Thus, the components of the momentum k+1 and k
+
2 are bounded, such that
0 < k+1 < p
+ and 0 < k+2 < p
+ − k+1 [7]. The four-dimensional integrations of Eqs.(10) to
(13) are reduced to the three-dimensional volume of the null-plane.
After the integrations over the light-front energies the momentum part of the wave func-






! Ψ(M20 ) ; (14)
and to study the model dependence we choose the harmonic wave function and a power-law
form [3,4],
ΨHO = NHO exp(−M20 =22); ΨPower = NPower(1 + M20 =2)−p ; (15)
where the normalization is chosen such that the proton charge is unity and  is the width
parameter, M0 is given in Eq.(17). From general QCD perturbative arguments a power-law
fall-o with p = 3:5 is predicted [4]. The relations between static electroweak observables are
not sensitive to p as long as p > 2 [3] and we choose for our calculations p = 3. In our study,
the same momentum wave function is chosen for both N-q couplings, for simplication.
The analytical integration of Eq.(10) of the ‘-’ components of momentum yields:









(p+ − k+1 )(p+ − k+1 − k+2 )
Tr [(/k2 + m) (mN + (1− )/p) (/k1 + m) (mN + (1− )/p0)]
u(p0; s0)(/k03 + m))γ




0 ) ; (16)
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where k21 = m
2 and k22 = m














)− p2? ; (17)
and M 020 = M
2
0 (k3 ! k03 ; ~p? ! ~p0?).
The other terms of the nucleon current, as given by Eqs. (11)-(13) are also integrated
over the k− momentum components of particles 1 and 2, following the same steps used to
obtain Eq.(16) from Eq.(10):







(p+ − k+1 )(p+ − k+1 − k+2 )
u(p0; s0)(/k03 + m)γ
+(/k3 + m) (mN + (1− )/p) (/k1 + m)
 (mN + (1− )/p0) (/k2 + m)u(p; s)Ψ(M ′20 )Ψ(M20 ) ; (18)









(p+ − k+1 )(p+ − k+1 − k+2 )
u(p0; s0)(/k1 + m) (mN + (1− )/p) (/k3 + m)γ+(/k03 + m)








(p+ − k+1 )(p+ − k+1 − k+2 )
Tr
[
(mN + (1− )/p0) (/k03 + m)γ+(/k3 + m) (mN + (1− )/p) (/k1 + m)
]




0 ) : (20)
B. Derivation of the Axial Vector Current Matrix Elements
The weak isovector axial vector current, A+N , receives contribution from each amplitude
represented by the Feynman triangle two-loop diagrams of gures (1a) to (1c):













S(k2) (mN + (1− )/p) γ5Sc(k1)γ5 (mN + (1− )/p0)
]
: (21)
The contribution to the axial vector current represented in gure (1b) is given by:











 (mN + (1− )/p) γ5Sc(k1)γ5 (mN + (1− )/p0)S(k2)u(p; s) : (22)
The contribution to the axial vector current represented in gure (1c) is given by:
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0)(ki; p)u(p0; s0)S(k1) (mN + (1− )/p)
 γ5Sc(k3)γ+Sc(k03)γ5 (mN + (1− )/p0)S(k2)u(p; s) : (23)
The contribution to the axial vector current represented in gure (1d) vanishes from the
isoscalar nature of the coupled pair of quarks.
In each term of the nucleon axial vector current, from A+aN to A
+
cN , the Cauchy integra-
tions over k−1 and k
−
2 are performed, as have been discussed in the previous section for the
electromagnetic current. The spectator particles are on their mass-shell after the integrations
on the k− momentum in Eqs. (21) to (23). The numerators of the Dirac propagators of the
quark labeled 3, in which the elementary operator γ+γ5 acts, have the momentum k03 and k3
at their k−-shell from the property (γ+)2 = 0. The components of the momentum k+1 and k
+
2
are bounded 0 < k+1 < p
+ and 0 < k+2 < p
+ − k+1 [7], and the four-dimensional integrations
of Eqs.(21) to (23) are reduced to the three-dimensional volume of the null-plane.
The analytical integration of Eq.(21) of the ‘-’ components of momentum yields:












(p+ − k+1 )(p+ − k+1 − k+2 )
Tr [(/k2 + m) (mN + (1− )/p) (/k1 + m) (mN + (1− )/p0)]
u(p0; s0)(/k03 + m))γ




0 ) ; (24)
and k21 = m
2 and k22 = m
2.
The integrations in the light-front energies in Eqs. (22) and (23) lead to:










(p+ − k+1 )(p+ − k+1 − k+2 )
u(p0; s0)(/k03 + m)γ
+(/k3 + m) (mN + (1− )/p) (/k1 + m)
 (mN + (1− )/p0) (/k2 + m)u(p; s)Ψ(M ′20 )Ψ(M20 ) ; (25)












(p+ − k+1 )(p+ − k+1 − k+2 )
u(p0; s0)(/k1 + m) (mN + (1− )/p) (/k3 + m)γ+(/k03 + m)
 (mN + (1− )/p0) (/k2 + m)u(p; s)Ψ(M ′20 )Ψ(M20 ) ; (26)
III. DISCUSSION OF SPIN COUPLING SCHEMES
The physical meaning of the eective Lagrangian for the quark spin coupling emerges if
one performs a kinematical light-front boost of the matrix elements of the spin operators
between quark states and quark-nucleon states, related to the initial and nal nucleons and
their respective rest-frames, as suggested in Ref. [8] and also discussed in Ref. [1]. The
eective Lagrangian of Eq.(1) contains the spin-flavor invariants of the nucleon with quark
pair spin zero ( = 1) and spin one ( = 0), which are the simplest ones of a basis of 8 such
states given in detail in Ref. [9]. The nucleon spin invariant widely used and tested in form
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factor calculations contains the additional projector /p + M0 onto large Dirac components,
a characteristic feature of the Bakamjian-Thomas (BT) spin coupling scheme [10]. The
spin-flavor invariant in the eective Lagrangian, (1), with  = 1=2, resembles the BT spin
coupling scheme, but is not equivalent to it, i.e., the Melosh rotations have their arguments
dened in the nucleon rest frame with individual ’+’ momentum constrained by the total
nucleon p+. The BT construction have the Melosh spin rotation with the individual ’+’
momentum constrained by the three quark free mass M0. In the pointlike nucleon limit, the
weak isovector axial vector coupling constant exemplies a situation in which the dierence
between BT and eective Lagrangian spin coupling schemes is acute, as we will discuss at
the end of this section.
The Melosh rotations appear in the equations for the vector and axial vector current from
the residues of the triangle Feynman diagram, which are evaluated at the on-k−-shell poles
of the spectator particles, and each of the numerators of the Dirac propagator are on-k−-
shell. In particular, the numerator of quark 3 comes to be on-k−-shell because (γ+)2 = 0.
Consequently, the numerators of the fermion propagators are substituted by the positive
energy spinor projector, written in terms of light-front spinors. We take the advantage
of the Wigner rotation is unity for kinematical Lorentz transformations and calculate the
matrix elements appearing in the nucleon current, corresponding to the spin coupling of
the quarks to the initial or nal nucleon in their respective rest-frames. A typical matrix
element of the spin coupling coecient for  = 1 appearing in the evaluation of J+ as well
as in A+, when calculated in the nucleon rest frame, is given by:
(s1; s2; s3; sN) = u1γ5u
C
2 u3uN ; (27)
where ui = u(ki; si) is the light-front spinor for the i-th quark.
The matrix element of the pair coupled to spin zero in Eq. (27) is evaluated in the rest
frame of the pair (c.m.) reached by a kinematical light-front boost from the nucleon rest
frame. The Wigner rotation is unity for such a Lorentz transformation consequently (viz.
uc:m:(~k
c:m:; s) = u(~kc:m:; s)):
I(s1; s2; 0) = u(~k1; s1)γ5u
C(~k2; s2)
= u(~kc:m:1 ; s1)γ5u
C(~kc:m:2 ; s2) ; (28)
where the particle kinematical momentum in the pair (12) rest frame are ~kc:m: =
(k+c:m:; ~kc:m:? ) obtained from k
(c:m:) = (k). The operator  is the kinematical light-
front transformation from the nucleon rest frame to the pair rest frame. Introducing the
completeness relation for positive energy Dirac spinors in Eq. (28), one nds:






























The Melosh rotations of the quark spins in the quark-nucleon coupling are made explicit
using Eqs.(27), (29), (30), and (7),






















where the momentum arguments of the Melosh rotations of the spin-zero coupled pair (12)
are evaluated in the rest frame of the pair in Eq. (31). Particle (3) has the argument of
the Melosh rotation evaluated in nucleon rest frame. Dierently, in the BT construction the
arguments of the Melosh rotations are all evaluated in the nucleon rest frame. Moreover,
the various total momentum 0+0 components, p+12 and p
+, in Eq.(31), now appear in dierent
frames, whereas in the BT case only M0 occurs for p
+.
In the nucleon rest frame the pair-spin 0 invariant from /p+mN ( = 1=2) reduces to the
projector, γ0 + 1, which implies that the momentum arguments of the Melosh rotations are
evaluated in that frame. This last case still diers from the BT construction because the
sum of the 0+0 components of the quark momenta is the nucleon momentum, p+, and not
M0 as in the BT formalism. The dierence between BT and eective Lagrangian quark spin
coupling schemes is noticeable in the vanishing limit of the nucleon radius, when the internal
quark transverse momentum diverges and the arguments of the Melosh rotations obtained
through the BT construction and the eective Lagrangian are distinct. In particular, the
nucleon weak isovector axial vector coupling constant presents a peculiar behavior in the
limit of a pointlike nucleon.
To make our discussion simple, we recall the expression found in the context of BT




h (m + x3M0)
2 − k23?




where the mean value is evaluated with the square of the momentum part of the wave
function; x3 is the light-cone momentum fraction with values bounded by 0 < x3 < 1. The
prescription given by the eective Lagrangian roughly amounts to substituting the free three
quark mass, M0, by the nucleon total p
+ which is mN in this case,
gA  5
3
h (m + x3mN)
2 − k23?
(m + x3mN )2 + k23?
i : (33)
In the nucleon pointlike limit, ( !1 is the zero radius limit corresponding to the strong
relativistic limit, i.e., j~k3?j  m + x3mN), the operator in Eq.(33) tends to −1, while in
Eq.(32) the term that contains the free mass cannot be neglected. From the evaluation of
Eq.(33) in this limit, one obtain gA  −5=3, a value which is approximately found in our
calculations. The nucleon point-like limit is a scale invariant point in the sense that the
other sensible physical scales, nucleon and quark masses, are irrelevant to the physics. This
idea gets its origin in the scale invariance of gA in quark conning potential models [12],
however we stress that in our case only one situation has the scale invariance property, i.e.
the limit of  ! 1. In the next section, the numerical results of the electroweak nucleon
properties are shown for dierent models of momentum part of the wave function as well as
for dierent quark spin couplings to the nucleon from the eective Lagrangian Eq.(1).
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IV. RESULTS AND DISCUSSION
In this section, we show the eects of dierent forms of relativistic spin coupling of con-
stituent quarks and momentum wave function shapes in the nucleon electroweak properties.
The correlations between the static electroweak observables are investigated with dierent
shapes of momentum part of the nucleon light-front wave function for each quark spin cou-
pling scheme. Essentially, the Fock state component of the nucleon corresponding to three
constituent quarks as the main part of the wave function is a strong constraint on the static
observables, and the results are mostly dependent on the constituent quark mass and one
more static observable. Among the observables the neutron mean square radius plays a spe-
cial role; its correlation with the magnetic moment is dependent on the quark spin coupling
scheme.













2) + (q2)) + O(q4): (35)




(^n + (0)) (36)
where the neutron magnetic dipole moment is given by n = ^n N . Using the experimental
value [14] for hr2Eni we nd
expt:(0) = 0:21 0:01: (37)
An interesting question is related to a possible restriction of the values of (0). Presently,
the well known Foldy approach to the electric radius is achieved by
Foldy(0) = 0: (38)
that leads to hr2EniFoldy = −0:126fm2. For the naive SU(6) quark model hr2EniSU(6) = 0 that
is achieved by
SU(6)(0) = −^n: (39)
Our model results for (0) are shown in Table I along with the parameters  chosen for each
 such that the experimental neutron magnetic moment for each model are reproduced, the
quark mass used here is m = 220 MeV.
In Table II, we compare our calculations with those of Konen and Weber [13] using a
gaussian wave function with the width parameter  that ts gA using quark masses m of
330, 360 and 380 MeV. Their calculations have the spinors of the pair projected on the upper
components in the nucleon rest-frame and corresponds exactly to the choice  = 1=2. Our
results are in agreement to the ones obtained in Ref. [13]. For each m and , we performed
calculations with  = 1 and 0. This shows that the eect of the modied quark-pair rest-
frame Melosh rotations are important and evidenced through the dependence on  which is
also noticeable in the sign of the neutron square radius, as discussed already in [1].
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A. Static Observables
From now on, we choose to work with a quark mass of 220 MeV that has been widely
used in connection with realistic models for the meson and nucleon phenomenology [11]. We
are going to show results for the correlations between static nucleon electroweak properties,
viz. neutron mean square radius, proton radius, magnetic moments and weak isovector
axial vector coupling. Our calculations are done for dierent forms of spin coupling of the
quarks to the nucleon represented by the eective Lagrangian, Eq.(1), with  = 0, 1/2, 1
and momentum wave function of the harmonic oscillator (HO) (Gaussian) and a power-law
(Power) form (p = 3)
ΨHO = NHO exp(−M20 =22G); ΨPower = NPower(1 + M20 =2P )−p : (15)
The correlation is generated by a variation of the  parameter. Two limits are noteworthy,
 ! 0 is the innite size of the nucleon corresponding to the nonrelativistic limit and  !1
is the zero radius limit corresponding to the strong relativistic limit.
In gure 2, the results for the neutron mean square radius as a function of the neutron
magnetic momentum is shown for  = 0, 1/2, and 1 as well as HO and Power momentum
wave functions. The results of the calculations are quite insensitive to the dierent shapes
of the momentum wave function for a given neutron magnetic momentum however strongly
dependent on the quark spin coupling scheme. The neutron mean square radius is a result
of a delicate cancellation, and for that reason presents a strong sensitivity to dierent quark
spin coupling schemes [1]. Here we extend the conclusion of our previous work [1], namely,
that the scalar coupling between the quarks best approximates the neutron square radius
data, to dierent forms of momentum wave functions. The gradient spin coupling ( = 0)
is again found in complete disagreement with the experimental data. This conclusion is
further supported by the results of the neutron electric form factor shown later in gure 8.
The correlation between the magnetic moments of the nucleons is shown in gure 3, for
a constituent mass of 220 MeV. The dierent models of quark spin coupling, for  equal
to 0, 1/2 and 1, in the plot of p against n represent a systematic pattern that is quite
independent of the shape of the momentum wave function. For the chosen constituent
mass the data is missed, and the scalar coupling has a strong discrepancy. The change
to constituent mass of about 1/3 of the nucleon mass still does not x this problem, with
scalar quark spin coupling, and other eects may play a role like quark substructure, mesonic
eects, which is beyond the purpose of this work. For  going to innity the model represents
a pointlike particle with the nucleon anomalous magnetic moments tending towards zero,
this limit although not shown in the gure is achieved in our calculations, which explains
the decreasing behavior of p as a function of n.
The functional dependence of the proton magnetic moment on the dimensionless product
of nucleon mass and proton charge radius (mNrp) is shown in gure 4. We basically reproduce
the results previously found within the Bakamjian-Thomas spin coupling scheme [3]. We
note that Ref. [3] used the proton radius from the slope of the Dirac form factor F1(Q
2).
For the dierent spin coupling schemes there is a weak dependence of p on the shape of
the momentum wave function, and moreover the dependence on  is small.
The weak isovector axial vector coupling constant, gA, as a function of the neutron
magnetic moment is presented in gure 5. Our calculations for  = 1=2 and harmonic
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oscillator wave function are in complete agreement with those of Konen and Weber [13], see
Table I. The dependence on the shape of the momentum wave function is weak in gure 5,
while increasing the constituent mass would allow the agreement with the data point for the
scalar quark coupling. The eective Lagrangian quark-nucleon coupling produces an axial
vector coupling constant which in the limit of a pointlike nucleon changes sign, a feature
not present in the Bakamjian-Thomas construction [3], as we have discussed in the previous
section. The results for gA with  ! 0 tend to the nonrelatistic value of 5/3, and gA tends
to  −5=3 when n ! 0 in the limit of  !1.
While the change in  has a considerable eect on gA for a given neutron magnetic
moment (see g.6), this behavior is not seen for gA as a function of the proton magnetic
moment, as shown in gure 6. The momentum shape of the wave function and dierent
values of  produce small eects on the function gA(p), only the constituent mass can
considerably shift the curve, and from Table I, we conclude that the experimental point can
be reached with a mass of about 1/3 of the nucleon mass. However, the simultaneous t
of p, n and gA for  = 1 seems dicult without invoking further physical aspects of the
constituent quarks.
In gure 7, the function dened by gA(mnrp) has a weak dependence on momentum wave
function form and spin coupling schemes. This result could be anticipated from the strong
correlations of gA(p) and p(mnrp) shown in gures 6 and 4, respectively. The experimental
point could be tted by the increase of the constituent mass. From the results shown in
gures 2 to 7, we conclude that without invoking more physics than is contained in the
present model, each set of static observables either frn; rp; p; gAg or frn; n; gAg can be
reasonably tted to the experimental values with only two parameters, i.e. the width of the
wave function and the constituent quark mass. Observe that the t of the neutron charge
radius is understood in the sense of the tting shown for the neutron electric form factor
data below 1 GeV/c (g.3). The diculty is related to the precise and simultaneous t of
the magnetic moments, as seen in gure 3.
B. Nucleon Form Factors
In gures 8 to 13 we show the q2-dependence of the dierent electromagnetic and weak
form factors as a function of Q2 = −q2. We made calculations with the parameters of the
gaussian and power-law wave functions tted to the neutron magnetic momentum, as given
in Table II. a
The electric neutron form factor is shown in gure 8. Here for each  the parameter
 is tted to the magnetic moment as given in Table II. The results for the vector spin
coupling has a negative sign for square momentum transfers below 2(GeV/c)2. The calcu-
lation with the mixed case ( = 1=2) underestimate the data. For the scalar quark spin
coupling, both forms of momentum wave function have consistent results and within the
experimental uncertainty agree with the data. For momentum transfers above 1 GeV/c, the
model dependence (Power vs. HO) starts to appear in the neutron electric form-factor.
The theoretical results for GMn(q
2) are compared to the experiments in gure 9. The
calculations with scalar coupling between the pair of quarks ( = 1) for both momentum
wave function models give the best agreement with the data. The results for  = 0 and
1/2 overestimates the data. The models with scalar spin coupling between the quark pair
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are consistent with the experimental data for momentum transfers less than 1 GeV/c, and
above this value they deviate from the experiments.
In gure 10, we show the proton electric form factor compared with experiments. A
common behavior is found for the calculations with both wave function models, i.e. the
choice of  = 1 produces values below the experimental data. This could also be anticipated
from gures 4 and 5 that show values of the proton radius for n = −1:91 too big. The
spin couplings schemes given by  = 0 and 1/2 approach the data for squared momentum
transfers below 2 (GeV/c)2, because the proton radius is in better agreement with the
experimental values. However, we remind the reader, that these spin couplings schemes
present a neutron electric form factor in complete disagreement with the observed data.
In gure 11, the results for the proton magnetic form factor are shown. The scalar quark
spin coupling scheme calculations, for momentum transfers below 1 GeV/c and for both
wave function models, approach the data, while the results obtained with the spin coupling
schemes parameterized by  = 0 and 1/2 overestimate the data.
In gure 12, the results of the recent measurements of the ratio pGEp=GMn [26] are
compared to our calculations. We observe the dependence on the dierent spin coupling
schemes and momentum wave functions, however the data is underestimated, enough to
indicate the necessity for more sophisticated wave function models and/or constituent quark
substructure.
Finally, in gure 13, the results for the nucleon weak isovector axial vector form factor
are shown and compared to the experimental data. The calculations with the scalar coupling
between the quark pair produce the best agreement with the data, however a remarkable
sensitivity to the coupling schemes and wave functions models is seen in gure 13. The
model dependence found in this gure can be qualitatively understood if one looks at the
approximate equation (33) for gA, where a cancellation between two terms occurs that causes
a high sensitivity to details of the models and this could also be expected for q2-dependence
of the axial vector form factor. We must keep in mind that our wave function models are
quite simplistic and even in the nonrelativistic quark model the nucleon is highly relativistic
and the real wave function can strongly dier from their nonrelativistic counterparts. In
this sense, the dierence between the data and the present models seen in gures 9 to 13
for momentum transfers of several GeV/c is not too serious considering the simplicity of
the model. We should also mention that the concept of "constituent" quark is expected to
break down above the chiral symmetry breaking scale (4f  1 GeV), so that we expect
the model to loose validity because current quarks become the relevant degrees of freedom
revealing the "constituent" substructure.
V. SUMMARY
We have shown the eects of dierent forms of relativistic spin coupling of constituent
quarks on the nucleon electroweak properties. Model independent (of the momentum shape
of the light-front wave function) relations between the static electroweak observables are
veried to hold within each quark spin coupling scheme. It is found that, while the neu-
tron charge form factor is very sensitive to dierent choices of spin coupling schemes, it is
insensitive to the details of the momentum part of the three-quark wave function model for
momentum transfers below 1 GeV/c. The experimental data on the neutron electric form
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factor, for momentum transfers below 1 GeV/c, favour the models with a scalar pair from
the coupling of two constituent quarks, independent of the shape of the wave function. The
dierence between Bakamjian-Thomas and eective Lagrangian spin coupling schemes is
particularly noticeable in the weak isovector axial vector coupling constant evaluated in the
pointlike nucleon limit. The correlations involving the set of static observables frp; p; gAg
are not very sensitive to spin coupling schemes dened by the eective Lagrangian for dif-
ferent values of  in Eq.(1). Among these relations, the function gA(p) is shown to have
the smallest dependence on spin coupling schemes and on the shape of the momentum wave
function. The correlations involving the neutron magnetic moment are more sensitive to dif-
ferent spin coupling schemes. Overall, for momentum transfers above 1 GeV/c, we observe
a dependence on the dierent spin coupling schemes and momentum wave functions. The
new data on the ratio of pGEp=GMp indicates the necessity to improve the wave function
models and/or the description of the constituent quarks, beyond the models discussed in
this work.
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TABLES
TABLE I. Parameters for the HO (βG) and power-law (βP ) models of the nucleon momentum
wave function with different spin coupling schemes from the fit of µn = −1.91µN with m = 220
MeV and corresponding ξ(0) values, ξexpt: = 0.21  0.01.
α ξ(0) (HO) βG[MeV] ξ(0) (Power) βP [MeV]
1 0.54 562 0.69 477
1/2 1.6 664 1.6 576
0 3.0 661 2.6 411
TABLE II. Nucleon low-energy electroweak observables for different spin coupling parameters
with a gaussian light-front wave function for m=330, 360 and 380 MeV with the values of β
parameter from Konen and Weber [13] (in their work the gaussian parameter is β/
p
3 ).
m[MeV] α r2En [fm
2] r2Ep [fm
2] µn[µN] µp[µN] gA
0 0.035 0.69 -1.83 2.84 1.09
330 1/2 -0.024 0.69 -1.73 2.80 1.20
1 -0.080 0.71 -1.60 2.71 1.25
0 0.023 0.66 -1.77 2.77 1.13
360 1/2 -0.025 0.66 -1.67 2.72 1.23
1 -0.073 0.67 -1.53 2.62 1.29
0 0.018 0.62 -1.71 2.72 1.19
380 1/2 -0.027 0.62 -1.61 2.66 1.20
1 -0.071 0.63 -1.47 2.56 1.29
0.66  0.06 [15],
EXP. -0.113  0.005 [14] 0.74  0.02 [16], -1.91 2.79 1.2670  0.0035 [18]








FIG. 1. Feynman diagrams for the nucleon electroweak current. The gray blob represents the
spin invariant for the coupled quark pair in the effective Lagrangian, Eq.(1). The black circle in the
fermion line represents the action of the current operator on the quark. The current operator can
represent either the electromagnetic current or the weak isovector axial vector current. Diagram
(1a) represents either J+aN , Eq.(10), or A
+
aN , Eq.(21). Diagram (1b) represents either J
+
bN , Eq.(11),
or A+bN , Eq.(22). Diagram (1c) represents either J
+
cN , Eq.(12), or A
+
cN , Eq.(23). Diagram (1d)
represents J+dN , Eq.(13). Diagram (1d) does not contribute to the weak isovector axial vector
current due to the isoscalar nature of the coupled quark pair.
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FIG. 2. Neutron charge square radius as a function of the neutron magnetic moment. Results
for the gaussian wave function with α equal to 1 (solid line), 1/2 (dashed line) and 0 (short-dashed
line). Results for the power-law wave function with α equal to 1 (solid line with dots), 1/2 (dashed









FIG. 3. Proton magnetic moment as a function of the neutron magnetic moment. Theoretical
curves labeled as in fig.2. The experimental data is represented by the full circle.
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FIG. 4. Proton magnetic moment as a function of the dimensionless product mNrp. Theoretical
curves labeled as in fig.2. Experimental points are given by a full diamond [15], open circle [16]
and full circle [17].








FIG. 5. Nucleon axial vector coupling constant as a function of the neutron magnetic moment.
Theoretical curves labeled as in fig.2. The experimental point is given by the full circle.
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FIG. 6. Nucleon axial vector coupling constant as a function of the proton magnetic moment.
Theoretical curves labeled as in fig.2. The experimental point given by the full circle.








FIG. 7. Nucleon axial vector coupling constant as a function of the dimensionless product of
the proton charge radius and mass. Theoretical curves labeled as in fig.2. Experimental points are















FIG. 8. Neutron electric form factor as a function of the momentum transfer q2 = −Q2.
Theoretical curves labeled as in fig.2. The empty circles are the experimental data from Ref. [19]
and the full circles from Ref. [20].










FIG. 9. Neutron magnetic form factor GMn/µn as a function of momentum transfer squared.
Theoretical curves labeled as in fig.2. The experimental data comes from Ref. [21], full circles; Ref.
[22], open circles; Ref. [23], full diamonds.
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FIG. 10. Proton electric form factor as a function of momentum transfer squared. Theoretical
curves labeled as in fig. 2. The experimental data comes from Ref. [24].









FIG. 11. Proton magnetic form factor GMp/µp as a function of momentum transfer squared.
Theoretical curves labeled as in fig. 2. The experimental data comes from Ref. [25].
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FIG. 12. Proton form factor ratio µpGEp/GMp as a function of momentum transfer squared.
Theoretical curves labeled as in fig. 2. The experimental data comes from Ref. [26].











FIG. 13. Normalized axial vector form factor as a function of momentum transfer squared.
Theoretical curves labeled as in fig. 2. The experimental data comes from Ref. [27]. The experi-
mental data of Ref. [28] are given in terms of a dipole form with a combined fit of mA = 1.030.05
GeV.
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